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Abstract

A rotor circulation was directly observed near the Baiu front in the lower troposphere by three-
dimensional Doppler measurements with the MU radar at Shigaraki, Japan (35°N, 136°E). The tem-
poral and vertical scale of the rotor were ~50 min and ~2km, and the stratification observed by
radiosondes was statically stable. The synoptic meteorological analysis suggests that the rotor existed
just below and between Baiu-frontal banded precipitation clouds which were organized in a meso-a-
scale cyclone. Precipitation echoes observed simultaneously by C/Ku-band radars were quite weak
in the downdraft in front of the rotor, and became significant and tall up to ~9 km altitude at the
back of the rotor circulation. The rotor was identified with a meso-(3-scale depression observed by the
routine meteorological network, which had a horizontal scale of ~40 km in the zonal direction and
150-200 km in the meridional direction, and moved from west to east at ~50 km/h. Based on brief
discussions, we conclude that the rotor circulation was locally developed from an orographic distur-
bance by shear instability which was occasionally induced in a weak statically-stable layer maintained
by (conditional) symmetric instability.

1. Introduction ceeding 15m/s at 4-7 km altitude above rotor cir-
culations. Gerbier and Berenger (1961) proposed a
schematic model of lee-side gravity wave structure
including rotor circulations with the center and size
governed by a mountain range. Bretherton (1969)
reviewed the theory of vertical transport of horizon-
tal momentum by lee wave phenomena, and Lilly
(1971) measured the lee wave stress using instru-
mented aircraft flying through a lee wave structure.
However, those investigations have never directly de-
tected the three-dimensional wind velocity field as-

Rotor circulations in the lower troposphere have
been a subject mainly related to turbulence, grav-
ity waves and billow (or lenticular) clouds gener-
ated on the leeward side of mountains. Forchtgott
(1949) classified types of the airflows over ridges,
and pointed out that generation of a rotor circula-
tion is determined mainly by the shape of the wind
profile. Larsson (1954) described the frequent ap-
pearance of lenticular clouds in a layer of wind ex-

IExtended from a paper presented at the Fifth Workshop
on Technical and Scientific Aspects of MST Radar, Aberyst-
wyth, Wales, UK, 6-9 August 1991.
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sociated with a rotor circulation.
In this paper, we present a rotor circulation de-
tected near the Baiu front by the MU radar located
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at Shigaraki, Japan (34.85°N, 136.10°E, and 375 m
altitude above the mean sea level) which can observe
the three-dimensional wind velocity with high res-
olutions (~1min and ~150m) in time and height
(see Fukao et al., 1985b, c, 1988, 1991). This is
the first direct observation of this kind, as far as
we know. The thermodynamical and cloud-physical
features were simultaneously observed by using ra-
diosondes and C/Ku-band radars at the MU radar
site. The synoptic- and meso-scale horizontal struc-
tures are also studied based on the routine mete-
orological network of Japan Meteorological Agency
(JMA). We consider briefly the mechanism generat-
ing this circulation and the significance in the Baiu-
frontal atmosphere.

2. Synoptic-scale situation

The rotor circulation reported in this paper was
observed around the midnight during July 2-3, 1990.
We use Japanese Standard Time (JST) throughout
this paper. Prior to a description of the evidence
of a rotor circulation itself, we shall describe the
synoptic-scale situations obtained from routine ob-
servations by JMA at ~21 JST on July 2.

As shown in Fig. la, the Baiu front at the sur-
face was located across west Japan, and a medium-
(or meso-a-) scale cyclone was approaching from
the Korean Peninsula to the west of Japan. This
cyclone had been changed from a typhoon (T9006,
Percy) over the Chinese Continent on June 30, and
was accompanied with a number of banded clouds
within the distance of ~1000km from the cyclone
center (see Fig. 1b). It must be noted that banded
clouds existed along approximately NNW-SSE di-
rections over central Japan, including the location
of the MU radar observatory. A high relative hu-
midity area corresponding to these banded clouds
existed approximately above the frontal surface.

The front at the ground had a warm-front-like
feature to the south of the MU radar observatory,
and the frontal surface located at 3-5km altitude
over the observatory (see Fig.2). This front moved
northeastward very slowly, and became an occluded
front in the daytime on July 3. The occluded front
at the ground passed by the observatory on July
5, and striking precipitations (5-10 mm/h) were ob-
served there mainly during July 3—4, although these
phenomena will be reported in a subsequent paper
by our group.

Easterly wind (~10m/s) exists below the frontal
surface over central Japan, whereas a westerly wind
dominates above the frontal surface. Wind speed is
stronger near the frontal surface, and a weak low-
level jet stream (~15 m/s) exists at ~700 hPa or ~3
km altitude over ~33°N. Cold and wet air below
the frontal surface induces a strong shear near the
frontal surface through the thermal-wind balance.
These are not far-from-common features known in
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the Baiu-frontal atmosphere (Matsumoto et al.,
1971; Akiyama, 1973; Ninomiya and Akiyama,
1974), but here we must note that the vertical shear
becomes strong near the frontal surface, in particu-
lar over central Japan including the location of the
MU radar observatory.

3. Observations at the MU radar observatory

3.1 MU radar observations

We observed two height ranges of 1-14 km and of
5-20 km alternately by the MU radar, and obtained
vertical profiles of the three-dimensional wind veloc-
ity components in the lower troposphere at about 2
min intervals. Details of the MU radar system has
been given in Fukao et al. (1985b, ¢, 1988), and the
observational technique used here is a standard one
as described in Fukao et al. (1989, 1991), May et
al. (1992) and Kotani et al. (1993). In estimating
the wind velocity from the MU radar echo data, the
raindrop echoes were omitted, following earlier stud-
ies by Fukao et al. (1985a), Wakasugi et al. (1986)
and T. Sato et al. (1990). Although the MU radar
echoes from a height lower than 2 km are often dis-
torted by the recovery effect of the receiver, the wind
velocity data upper than 1.2 km are reliable in this
observational period.

The zonal, meridional and vertical velocities (u,
v, w) observed by the MU radar are shown in Fig.
3. The highlight of this paper appears in Fig. 3a;
where a clear rotor circulation appears in the ww
flow field in a height range of 1-3 km during 0015-
0105 JST on July 3. Namely, the rotor center is
located at ~2km height above the ground (about
2.4km altitude above the mean sea level), and the
vertical size of the rotor is ~2km. The time scale
relative to the ground is ~50 min. However, we can-
not find such a clear circulation pattern in the v-w
flow field (see Fig. 3b), which implies that the rotor
axis is approximately along the meridional direction.
A weak wavy structure with time scale similar to the
rotor is found, but this is almost certainly due to the
variations of w associated with the rotor circulation
mentioned above. There are no striking variations
for v (unlike ) in the height range of the rotor. Al-
though the MU radar observations were carried out
over five days (2-6 July 1990), we did not observe
any such clear rotor circulation other than that men-
tioned above.

The MU radar data are plotted in another way
in Fig. 4. In the w-v field shown in Fig. 4a, we find
that a southeasterly wind of about 18 m/s is pre-
dominant from 1.5 to 2 km above the ground, while
a southwesterly wind predominates from 2 to 3 km
and a westerly (or northwesterly) wind of about 13
m/s predominates above 3 or 4 km. When the south-
westerly wind region becomes thin, the rotor occurs
in the region. The westerly wind just above the rotor
circulation corresponds to the Baiu-frontal low-level
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Fig. 2. Quasi-meridional cross-section at 21 JST (12 UT) on July 2, 1990 of temperature (thicker solid
contours, every 10°C), zonal wind velocity (thinner solid contours, every 5m/s), relative humidity
(dotted contours, every 20 %) and the tropopause and frontal surface (thick dashed curves), based on
observations at the MU radar observatory (34.85°N, 136.10°E) and five JMA stations located along
an approximately NNE-SSW line passing through the central Japan (a map was given in Fukao et al.,
1988; Larsen et al., 1991): of Sapporo (47412), Akita (47582), Wajima (47600), Shionomisaki (47778)
and Minamidaitojima (47945). Pressure is taken as the vertical coordinate (the ordinate), and altitude

plotted in the right-hand side axis is correct at Shionomisaki.

Total horizontal winds at standard

pressure levels over the JMA stations are also indicated by short (5 m/s) and long (10 m/s) barbs.

jet stream mentioned in Section 2, and the easterly
below the rotor seems somewhat stronger than that
analyzed in Fig.2. The vertical shear of horizon-
tal wind velocity (Ou/dz, Ov/0z) becomes large in
the region between the southeasterly wind in the
lower layer and the northwesterly wind in the upper
layer. On the other hand, in Fig. 4b, there appears
an updraft above and behind the rotor center, while
a downdraft appears in front of it. Another weak
downdraft is seen at 1-2 km altitude after 0100 JST,
but we can barely discern another rotor circulation
pattern.

The echo power intensity of the MU radar in
the case of no precipitation is useful as a mea-
sure of microscale turbulence activity (or stratifi-
cation stability), and is used sometimes for estimat-
ing the tropopause and frontal surfaces (see Fukao
et al., 1988, 1989; Kotani et al., 1993). However,
in the period and region of appearance of the ro-
tor circulation, the echo power intensity data did

not clearly indicate such strong turbulence as is
expected in a statically (or convective) instability
appearing near a very active frontal surface. Fur-
thermore some special observations using velocity-
azimuth display (VAD) methods (Fukao et al., 1988;
Larsen et al., 1991) and interferometry techniques
(Palmer et al., 1991) have shown that the vertical
velocity measured as the Déppler velocity of the MU
radar vertical beam may be modified by a signif-
icant non-vertical refraction by layered turbulence
with a small inclination (sufficiently less than the
beam half-width ~3.6°). However, there was no
striking turbulence including inclined layered turbu-
lence causing such a modification, and we can safely
state that the vertical velocity shown in Figs. 3 and
4 is farely reliable.

3.2 Radiosonde observations
The vertical profiles of temperature and humid-
ity were observed by using a standard radiosonde
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Fig. 3. (a) Zonal-vertical (eastward and upward positive) and (b) meridional-vertical (northward and up-
ward positive) air flows observed by the MU radar from 2357 JST on July 2 to 0136 JST on July 3,
1990. Time resolution is approximately 2.5 minutes.
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Fig. 4. (a) Zonal-meridional (eastward and northward positive) and (b) vertical (upward positive) air flows
observed by the MU radar from 2357 JST on July 2 to 0136 JST on July 3, 1990. Time resolution is

approximately 2.5 minutes.
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Fig. 5. Vertical profiles of potential temperature (___ 21 JST on July 2; --- 03 JST on July 3, 1990) and
equivalent potential temperature (----- 21 JST on July 2; - - - 03 JST on July 3, 1990), observed with
radiosondes launched at the MU radar observatory. The data of 03 JST on July 3 are displaced by 10

K.

system (VAISALA RS80) launched from the MU
radar observatory before (21 JST on July 2) and
after (03 JST on July 3) the appearance of the ro-
tor circulation. Figure 5 shows vertical profiles of
potential temperature (#) and equivalent potential
temperature (6.) calculated from the results of these
radiosonde observations. We find that 6, ~ 325 K
below ~1 km altitude and 6, =~ 340 K above ~3 km
altitude. This layer of strong static stability (large
f.-gradient) is identified with the altitude range of
the rotor circulation seen in Fig. 3a and also approx-
imately with the frontal surface shown in Fig. 2.

Both @ and 6. profiles do not suggest any stat-
ically unstable layer with the vertical scale of the
rotor circulation (~2km). This result is consistent
with the observational features for the MU radar
echo power intensity mentioned before. Before the
rotor appears, the planetary boundary layer below
1km height seems almost neutral, but the height
region in which the rotor is to appear is statically
stable. After the rotor appears, both the height re-
gions become more stable. The thickness between
the levels of 8, = 335 K and 340 K is increased from
1.2 to 2.4 km before and after the rotor, which seems
consistent with moist warm air advection associated
with the southwesterly seen in the same height range
in Fig. 4a.

Figure 6 shows the distribution of the (equivalent)
Richardson number (for wet atmosphere)

R,_g@ﬂe ou\? ov\? !

"= 9. 3- (8z) + <6z>

calculated from 10-min-averaged u and v observed
by the MU radar and 6. interpolated from the dou-
ble radiosonde measurements mentioned above. It
took about 20 min for a radiosonde balloon to pass
the 6 km height after the launch, and this time lag
has been considered in the analysis of Fig.6. It
should be noted that R: calculated here is not of the
background field but affected by the disturbed wind
field including the rotor circulation itself. However,
we find Ri < 1 (suggesting symmetric instability) in
a region broader than that of the rotor circulation,
and Ri<1/4 (suggesting shear instability) at the
rotor center. These results imply that the rotor cir-
culation is generated by symmetric and/or shear in-
stabilities in a statically stable layer just near the
Baiu-frontal surface; this will be discussed in Sec-
tion 5.

3.3 C/Ku-band radar observations

At the MU radar observatory, two separate an-
tennas of C (5.265 GHz) and Ku (13.85 GHz) bands
fixed pointing vertically measured the vertical struc-
ture of precipitation echoes. A detailed description
of the C/Ku-band radars has been given in Fukao et
al. (1985a).

As shown in Fig. 7, the echo power of the Ku-band
radar becomes weaker in the region near the rotor
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Fig. 6. Distribution of the Richardson number
(for wet air) calculated using the horizon-
tal wind obtained from 10-min-averaged
MU radar data and equivalent potential
temperature interpolated from the obser-
vations by radiosondes launched at ~21
JST on July 2 and at ~03 JST on July 3,
1990 (with correcting the time lags of bal-
loons passing each altitude). The regions
of values less than 1/4 are shaded.

circulation (00-01 JST on July 3; 1-4km height),
and disappears in the downdraft in front of the ro-
tor. On the other hand, the echo power is significant,
extending up to 9 km in height behind the rotor cir-
culation. Similar results were also obtained by the
C-band radar, and raindrop echoes before and after
the rotor circulation were also detected by the MU
radar. The bright band (or precipitation melting
layer) was observed at around 4 km height, which is
just lower than the freezing (0°C) level existing at
~5km altitude (~4.6 km height above the ground
of the MU radar observatory) seen in Fig.2. Ac-
cording to cloud-physical studies (e.g., Takeda and
Fujiyoshi, 1978; Matsuo and Sasyo, 1981; Yokoyama
et al, 1984, 1985), a melting layer generated at a
distance of ~10%2 m below the freezing level is con-
sistent with the relative humidity of < 90 % near the
freezing level observed by radiosondes.

The tall echoes observed behind the rotor (and
also 1-3 h earlier than the rotor) are considered cor-
responding to banded clouds seen in Fig.1b. The
features of intermittent and trail-like appearance of
those echoes in the middle and upper troposphere
are quite similar to the generating cells observed in
various warm-frontal precipitations (e.g., Browning
et al.; 1973; Hobbs, 1978; Takeda and Horiguchi,

Vol. 72, No. 1

1986). Similar situations have been considered also
in the Baiu-frontal banded areas of heavy precipi-
tation (c¢f. Ninomiya and Akiyama, 1974; Akiyama,
1978). In this case the frontal surface (expected to
be at the bottom of the generating cells) was lower
than the melting layer, so that the seeder-feeder
mechanism (activating precipitation by ice crystals
generated in and falling from the generating cells)
could hardly work. The precipitation intensity ob-
served at the MU radar observatory during the night
of July 2-3 was not strong (< 3 mm/h). The banded
clouds and precipitation will be discussed again in
the next section.

4. Mesoscale horizontal structure

In order to study the horizontal structure of the
rotor circulation observed in Section 3, we use the
data provided by the Osaka Meteorological Obser-
vatory (OMO) of JMA.

Figure 8 shows distributions of raindrop echoes
observed by a standard meteorological radar (C-
band, 5.30 GHz) of OMO at 0015, 0045 and 0100
JST on July 3. In the echo distribution at 0045
JST (see the middle panel) the MU radar is lo-
cated near the western boundary of a meso-3-scale
clear region elongated in the north-south direction
between two rainfall regions. This feature suggests
that the downdraft region (former or eastern half) of
the rotor circulation corresponds approximately to
the western half of this clear region, which is consis-
tent also with the banded clouds seen in the satellite
imagery (Fig. 1b) and the C/Ku band radar obser-
vations (Fig. 7). The clear region has a size of 150~
200 km in the meridional direction and ~40 km in
the zonal direction. Thus the size of the rotor is
considered to be similar to that of the clear region
described here.

We find that the clear region discussed above is
less distinct in the raindrop echo distributions at
0015 and 0100 JST (see the left and right panels
of Fig.8). We can roughly estimate the movement
of the clear region as ~50 km/h eastward, which is
close to the low-level jet stream (=~15m/s) located
at ~3 km height. Considering that the rotor circu-
lation moves eastward with this speed, we obtain a
consistent result for the size of the rotor circulation
(observed for ~50 min in Fig. 3a) as ~40 km in the
zonal direction. The indistinct features of the clear
region before and after the rotor event imply that
the rotor circulation is generated by a special situa-
tion in a limited period and area (see Section 5).
Indeed, in spite of the existence of many similar
banded clouds in Fig.1b, we do not find another
clear region of similar size and shape in Fig. 8; this
1s consistent with the fact that we can barely discern
another distinct rotor circulation in the MU radar
observations shown in Fig. 3.

Temporal changes of surface pressure and temper-
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Fig. 8. Distribution of echo power observed by a standard meteorological radar (®) of the Osaka Meteoro-
logical Observatory (OMO) of JMA at (a) 0015 JST, (b) 0045 JST and (c) 0100 JST on July 3, 1990.
The black region indicates rainfall between 1 and 4 mm/h, and the shaded region indicates rainfall less
than 1 mm/h. The MU radar site is shown by a star.

ature observed by many weather stations belonging
to OMO (see Fig.9) indicate that the rotor appears
in a meso-fF-scale region where the surface pressure
decreases more than 0.8 hPa/h. There is a region of
temperature rise of more than 0.2 K/h to the west of
or behind the center of the pressure depression (or
trough). We note that the updraft portion of the
rotor is located above the region of the surface tem-
perature rise behind the surface pressure depression.
The region of pressure depression moves eastward
with a speed of ~50 km/h. This is consistent with
the speed of the clear region observed by the OMO
radar, and hence the rotor drift.

Figure 10 shows a schematic of the speculated
three-dimensional structure of the rotor circulation
observed here. The rotor forms over a meso-3-scale
warm depression moving eastward. An updraft ap-
pears above and behind the rotor center, while a
downdraft appears in front of it. Tall precipitating
banded clouds develop just behind the rotor, and
other banded clouds exist at a distance in front of
the rotor. The rotor and the banded clouds are or-
ganized in a meso-a-scale cyclone-front system.

5. Discussions on the generation mechanism

As mentioned in Section 1, most of the rotor
circulations studied earlier were associated with a
large-amplitude mountain (or lee) wave developed
by shear (or Kelvin-Helmholtz) instabilities (see,
e.g., Gerbier and Berenger, 1961). Generation of
a rotor-like circulation pattern due to a plume (e.g.,
Nakai, 1990) is rejected in the present case, since

the planetary boundary layer is rather stable. So
we must examine the effect of mountains and shear
instability as plausible generation mechanisms of the
rotor circulation observed here.

Stationary waves directly induced by mountains
cannot be observed by a single-station observation
such as the MU radar observation. However, based
on the MU radar observations in the upper tropo-
sphere and in the lower stratosphere, K. Sato (1992)
has suggested the frequent existence of mountain
waves induced possibly in a southwestern part of the
Japanese Archipelago, by considering a transience
of the basic flow as the origin of a non-zero phase
speed of those waves. The scale (~40 km x 150-200
km) and movement speed (~50km/h) of the ro-
tor observed here are not far from the horizontal
wavelengths and phase speeds of mountain waves de-
scribed in her study, so that this phenomenon might
be associated with some lee waves developed locally
by mountains around the MU radar observatory. We
have not yet detected such a rotor, because most of
those waves are not sufficiently developed as to gen-
erate it, and/or because they may be almost station-
ary in the lower troposphere. Therefore, we need
much more explanation as to why some lee waves
can develop to be large enough to generate the dis-
tinct rotor circulation in this case, and why they
have non-zero phase speed even near the ground-
level sources.

The simplest method to consider the development
of mountain waves is to apply the classical shear in-
stability theory for a two-layer fluid system, which
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A

Fig. 10. Schematic structure of the rotor circulation observed in this study.

predicts that a wave generated in the boundary sur-
face between the two layers has a horizontal wave-
length given by
r= |8 {(c—=TU)* +(AU)?*} +24U(c - 1)
-5 |2e ¢ ’
where U and @ are horizontal wind velocity and
(equivalent) potential temperature in an unper-
turbed state, ( ) and A( ) denote the average and
half difference of values for the upper and lower lay-
ers, ¢ is the horizontal phase velocity and g is the
gravity acceleration. The wave is trapped in the
vicinity of the interfacial surface and damped both
upward and downward with a vertical scale of A/27.
If we consider a thin layer in the vicinity of 2 km al-
titude and specify U ~ —18 m/s and © ~ 333 K for
the lower layer and U = 13m/s and © = 339K for
the upper layer from the observational results shown
in Section 3, then we have U ~ —2.5m/s, AU ~ 15.5
m/s, @~ 336 K and A® ~ 3 K. We may specify c~
15m/s from Section 4. These specifications lead to
A &40 km, which seems to be close to the size of
the observed rotor but does not develop in time be-
cause A > A, (the longest unstable wavelength) ~20
km in this case. If we consider a much thicker (thin-
ner) layer and specify a larger (smaller) value for
AP, then we obtain shorter (longer) values both for

A and for A.. It is shown in this simplest theory
that we must specify Rc¢ (the real part of ¢) ~U,
which is, in general, smaller than the phase speed
observed here, in order to obtain an unstable mode
with A < A.

A more advanced treatment of the shear instabil-
ity is to solve an eigenvalue problem of the Taylor-
Goldstein (or Scorer, if ¢ = 0) equation with real-
istic continuous vertical profiles of @ and U (e.g.,
Takayabu, 1992). Then the Miles-Howard theorem,
in general, states that ¢ for an unstable mode must
be bounded by the minimum and maximum values
of Uin the region where Ri < 1/4 in an unperturbed
state. However, we again encounter the difficulty on
specifications for the unperturbed state, and obtain
Re smaller than the phase speed observed here, as
long as we specify U with the profile actually ob-
served in Section 3 including the very narrow layer
of Ri < 1/4.

Quasi-linear or non-linear numerical studies (e.g.,
Tanaka, 1975; Klaassen and Peltier, 1985) have
shown the time evolutions of Kelvin-Helmholtz bil-
lows including rotor circulations (or so-called cat’s
eye patterns). Then, the mean field is also changed
in time from the initial unperturbed (or basic) state.
Although the decay of billows is highly dependent on
the microscale diffusion processes, maintenance of
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the mean field satisfying Ri < 1/4 is inevitably nec-
essary for developing such billows. Namely, some
suitable orographic or else sufficiently long-lasting
atmospheric situations must exist to maintain the
cat’s eyes or rotor circulations. Indeed, as men-
tioned in the beginning of this section, mountains
may be necessary to maintain this suitable situa-
tion. However, the movement speed of cat’s eyes
again becomes smaller than that of the rotor ob-
served here, if the initial state is specified with the
profile observed actually just before the rotor ap-
peared.

The shear instability theories mentioned in the
three paragraphs above do not include any contri-
butions of dynamical processes other than and larger
than an unstable wave itself. However, as mentioned
in Section 4, the meso-F-scale horizontal structure
of the rotor, as well as those of the banded clouds, is
clearly defined by and organized in a meso-a-scale
extra-tropical cyclone on the Baiu front. The situa-
tion Ri < 1 observed in a rather broader region near
the rotor satisfies a necessary condition of the (con-
ditional) symmetric instability. Saitoh and Tanaka
(1987, 1988) have shown by a numerical experiment
that the banded precipitating clouds near the Baiu
front are governed by this type of instability. They
consider mainly the formation of a statically unsta-
ble layer (or generating cells) in the middle tropo-
sphere, but show also that there is maintained a
statically stable layer between the stratiform cloud
layer (just above the frontal surface) and the (stat-
ically unstable) planetary boundary layer. In fact,
Ri is positive but small due to strong vertical shear
induced by cold and wet air just below the Baiu
front (see Section 2). Banded clouds similar to the
generating cells were actually observed in parallel
with and just above the height region of the rotor
circulation, as mentioned in Sections 3 and 4. The
rotor circulation observed here seems to be gener-
ated in such a meso-3-scale statically stable region
just below the Baiu-frontal surface controlled by a
meso-a-scale symmetric instability.

We consider that the symmetric instability as a
common feature of the Baiu-frontal atmosphere is
responsible for the generation of the rotor circula-
tion observed here, but still wonder why we could
observe such a striking feature in this limiting case.
The movement of the meso-3-scale structures, as
well as the rotor circulation observed here, is similar
to the low-level jet stream described in Section 2. It
is not so extravagant to consider that such a struc-
ture may locally induce a shear instability region
with Ri < 1/4, for example, when a minimum phase
of R: of this structure is passed over some suitable
orographic situations. Once the shear instability ap-
pears, a rotor circulation may be developed in a sim-
ilar manner as described in the theories mentioned
earlier, and extended within the meso-3-scale struc-
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ture. Following the movement of the minimum Ri
phase of the meso-F-scale structure, the local shear
instability region may be somewhat shifted within
the scale of similar orographic conditions but be-
come gradually dissolved. Although detailed exam-
inations of this hypothesis are beyond the scope of
this paper describing an observational finding, the
coupling effect between the symmetric and shear in-
stabilities may explain all the observational features
described in Sections 2-4 without inconsistency.

6. Conclusion

We have reported the first direct observation of a
rotor circulation made by the MU radar. The ro-
tor was in parallel with banded clouds in the upper
layer, and was associated with a meso-3-scale sur-
face depression (or trough). All of them were orga-
nized in a meso-a-scale cyclone on the Baiu front.
The rotor circulation itself is considered to be devel-
oped by shear instability with a scale smaller than
meso-3 (perhaps above a suitable orographic con-
dition) inside a meso-B-scale weak statically stable
region of which the generation and maintenance are
controlled by a meso-a-scale (conditional) symmet-
ric instability near the Baiu front. All the meso-a-
scale, meso-f-scale and much smaller scale (perhaps
orographic) conditions must be suitable in order to
generate this striking phenomenon moving with a
non-zero speed. This is why such a rotor circulation
has never been detected by the MU radar observa-
tions, which were started in 1984.

The rotor circulation observed here may be in-
teresting not only from a fluid-dynamical viewpoint
but also as a Baiu-frontal phenomenon. Almost all
the foregoing mesoscale observational studies on the
Baiu front have treated statically-unstable precipi-
tating phenomena based on the satellite cloud im-
ageries or the microwave-radar raindrop echoes (e.g.,
Ninomiya and Akiyama, 1974; Akiyama, 1978),
whereas this study has revealed a statically-stable
three-dimensional circulation based on the power-
ful MU radar technique (see also Fukao ef al., 1988;
Kotani et al., 1993; and references therein). The at-
mosphere is statically stable in most regions, even
near the Baiu front. Although detailed discussions
are beyond the scope of this paper, we believe that
such a statically stable phenomenon is also impor-
tant to understand mechanisms of the hierarchical
structure formation in the Baiu-frontal atmosphere.
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